Alkaloids comprise one of the largest groups of plant secondary metabolites. Berberine, a benzylisoquinoline alkaloid, is preferentially accumulated in the rhizome of Coptis japonica, a ranunculaceous plant, whereas gene expression for berberine biosynthetic enzymes has been observed specifically in root tissues, which suggests that berberine synthesized in the root is transported to the rhizome, where there is high accumulation. We recently isolated a cDNA encoding a multidrug-resistance protein (MDR)-type ATP-binding cassette (ABC) transporter (Cjmdr1) from berberineproducing cultured C. japonica cells, which is highly expressed in the rhizome. Functional analysis of Cjmdr1 by using a Xenopus oocyte expression system showed that CjMDR1 transported berberine in an inward direction, resulting in a higher accumulation of berberine in Cjmdr1-injected oocytes than in the control. Typical inhibitors of ABC proteins, such as vanadate, nifedipine, and glibenclamide, as well as ATP depletion, clearly inhibited this CjMDR1-dependent berberine uptake, suggesting that CjMDR1 functioned as an ABC transporter. Conventional membrane separation methods showed that CjMDR1 was localized in the plasma membrane of C. japonica cells. In situ hybridization indicated that Cjmdr1 mRNA was expressed preferentially in xylem tissues of the rhizome. These findings strongly suggest that CjMDR1 is involved in the translocation of berberine from the root to the rhizome.
P lant cells produce a large variety of alkaloids, which have diverse chemical structures and biological activities. Some of them are used as medicines, such as anticancer drugs, and play an important role in plants as an endogenous biological barrier to protect against pathogens or herbivores because of their strong antimicrobial activities and cytotoxicity. For instance, berberine, a yellow benzylisoquinoline alkaloid, which is used as a bitter stomachic and an antidiarrhetic, shows strong antimicrobial activity toward both Gram-positive and -negative bacteria as well as other microorganisms (1) .
In Coptis japonica (Ranunculaceae), a perennial medicinal plant grown in Asian countries, berberine is highly accumulated in the rhizome as the main alkaloid. However, the genes for the biosynthesis of berberine are specifically expressed in the root tissue (2), where only a low level of berberine is detected. This finding suggests that berberine is transported from the root after biosynthesis and is accumulated highly in the rhizome. Cultured C. japonica cells produce berberine and it is accumulated exclusively in the vacuoles (3, 4) . Furthermore, exogenous berberine that is added to the culture medium is actively taken up by C. japonica cells (3) (4) (5) and is also accumulated in the cell vacuoles (6) .
Our previous attempts to identify the transporter of berberine in C. japonica cells showed that the uptake of berberine by C. japonica cells depended on the ATP level, and several inhibitors of P-glycoprotein (gene product of mdr1), a representative ATP-binding cassette (ABC) protein responsible for multiple drug resistance of cancer cells (7) , significantly suppressed berberine uptake from the medium (5). These results suggested that an ABC protein was involved in berberine transport in this plant. Based on this idea, we isolated Cjmdr1 (Coptis japonica multidrug resistance 1) as a potential berberine transporter from C. japonica cells by using RT-PCR (8) . Cjmdr1 was expressed preferentially in the rhizome, where berberine is highly accumulated compared with other organs (8) . Multidrug-resistance protein (MDR) belongs to a subfamily of the ABC superfamily that is widely distributed from prokaryotes to eukaryotes and is involved in the active transport of many divergent compounds in an ATP-dependent manner (9) . Based on the results of the Arabidopsis genome project, this plant contains a large number of members of this family, e.g., 129 ORFs in Arabidopsis thaliana (10, 11) . However, only a few members have been functionally characterized (12, 13) , and the MDR subfamily in particular is even less understood.
In the present paper, we describe a functional analysis of Cjmdr1 by using Xenopus oocytes. We also analyzed the intracellular and cell-specific localization of the gene product of Cjmdr1 to characterize the physiological function of this protein.
Materials and Methods
Cultured Cells. High berberine-producing cultured C. japonica cells, which were originally induced from the rootlets of C. japonica Makino var. dissecta (Yamabe) Nakai, were maintained as described (14) .
Chemicals. Berberine and other chemicals used in this study were purchased from Wako Pure Chemicals (Osaka) or Nakalai Tesque (Kyoto).
a Narishige PE6 pipette puller (Tokyo). Injected oocytes were kept at 18°C for 3 days in ND96 medium (96 mM NaCl͞2 mM KCl͞1.8 mM MgCl 2 ͞1 mM CaCl 2 ͞2.5 mM sodium pyruvate͞5 mM Hepes-NaOH, pH 7.4), which ensured 90% survival. Damaged oocytes were separated from intact oocytes bearing a clear brown pole animal hemisphere and a distinct equator line.
Expression of CjMDR1 in Xenopus Oocytes. Cjmdr1 cDNA (4.1 kb) was subcloned in a pCF3 vector derived from the Xenopus oocyte expression vector pBSTA, kindly provided by A. L. Goldin (University of California, Irvine), after slight modifications. The pBSTA vector contains a T7 promoter followed by 5Ј noncoding ␤-globin sequences, a single BglII site for insertion of exogenous DNA, 3Ј noncoding ␤-globin sequences, a poly(A) tail, and a polylinker that allows the plasmid to be linearized before in vitro transcription (16) . The addition of 5Ј and 3Ј noncoding sequences from the ␤-globin gene greatly increases the expression of exogenous proteins in oocytes (17) . In vitro transcription followed by capping of the RNA was performed with the plasmid (1 g) linearized at the unique site AscI by using the T7 mMESSAGE mMACHINE kit (Ambion, Austin, TX). The template DNA was degraded by DNase I, and Cjmdr1 mRNA was purified on a formaldehyde gel and quantified.
Measurement of Berberine Transport in Oocytes. All transport experiments were conducted 2-3 days after the injection of oocytes at 18°C. Fluorescence in the oocytes derived from berberine was monitored by using a fluorescence microscope (excitation 420 nm͞emission 517 nm). To quantitatively determine the influx of berberine into oocytes, water-and Cjmdr1-injected oocytes (15-20 oocytes per batch) were incubated in the presence of berberine chloride (0.3 or 1 mM) for 1 h unless otherwise specified. In time course experiments, oocytes exposed to 1 mM berberine were sampled periodically (3, 5, 15, 30 , and 60 min), lysed in ND96 (pH 5), and lyophilized, and 2 mg of dried material was used for HPLC analysis. Efflux experiments were performed by transferring oocytes loaded with berberine into fresh ND96 solution after careful washing to remove extracellular berberine. Inhibitors were added to the oocyte suspension and incubated for 15 min at 4°C. After 60 min of efflux, the remaining berberine in the oocytes was quantitatively analyzed by HPLC.
The ATP-dependent uptake of berberine in Cjmdr1-injected oocytes was also investigated by depleting ATP from oocytes with a metabolic inhibitor (1 mM potassium cyanide), by suppressing the ATPase activity of the transporter (1 mM vanadate), or by applying classical blockers of ABC transporters (100 M nifedipine, verapamil, or glibenclamide).
HPLC Conditions. For HPLC analysis, dried oocytes were suspended in 50% methanol (0.01 M HCl) by vigorous pipetting, and centrifuged at 10,000 ϫ g for 10 min. The supernatant was subjected to HPLC analysis: mobile phase, 50 mM tartaric acid solution containing 10 mM SDS, acetonitrile, and methanol (100:130:33); column, TSK-GEL ODS-80TM (Tosoh, Tokyo; 4.6 mm i.d. ϫ 250 mm); temperature, 40°C; flow rate, 1.2 ml͞min; detection, absorbance measured at 260 nm by using a photodiode array detector.
Peptide Antibody Against CjMDR1. A keyhole limpet hemocyanin conjugate of an oligopeptide of CjMDR1, at position 378 (n-CSYDTSGHKSDDIRGD-c), was injected into a rabbit according to the standard protocol (Sawady Technology, Tokyo). After the sixth boost, antiserum was recovered and used for immunoblot analysis without further purification.
Expression of CjMDR1 in Yeast.
Cjmdr1 cDNA (4.1 kb) was subcloned into yeast expression vector pDR196 (18) , kindly provided by W. Frommer (University of Tübingen, Tübingen, Germany), at the NotI site. The resulting plasmid, pDRCjMDR1, was used to transform strain AD12345678 (yor1⌬, snq2⌬, pdr5⌬, pdr10⌬, pdr11⌬, ycf1⌬, pdr3⌬, pdr15⌬; ref. 19 ) by the lithium acetate method (20) , and then selected by SD medium (Ϫuracil). The yeast transformant was cultured in 100 ml of SD medium (Ϫuracil), and membrane proteins were extracted for the detection of recombinant CjMDR1 as described (21) .
Isolation of Plasma Membranes. Plasma membranes were purified from a microsomal fraction of C. japonica cells by partitioning in an aqueous polymer two-phase system as described (22) . The upper phase, in which the plasma membrane was enriched, and the lower phase were used for immunoblot analyses.
For sucrose gradient fractionation, a microsomal pellet was resuspended in a small volume of resuspension buffer and layered onto a noncontinuous gradient containing 10-50% (wt͞vol) sucrose in centrifugation buffer (10 mM Tris⅐HCl, pH 7.6͞1 mM DTT͞1 mM EDTA). The gradient was then centrifuged at 100,000 ϫ g for 2 h and the membranes were collected from the interface between different sucrose concentrations.
Protein Gel Blotting. For immunoblotting, proteins were denatured in denaturation buffer for 10 min at 50°C, subjected to SDS͞7% PAGE, and transferred to an Immobilon poly(vinylidene difluoride) membrane (Millipore). The membrane was treated with BlockAce (Dainippon Pharmaceutical, Osaka) for blocking, and incubated with primary antibodies and secondary horseradish peroxidase-conjugated anti-rabbit IgG antibodies by using standard procedures. The band was visualized by chemiluminescence. Antibodies used for immunodetection were against CjMDR1, vacuolar H ϩ -pyrophosphatase from Arabidopsis (V-PPase), endoplasmic reticulum luminal binding protein (BiP), and plasma membrane H ϩ -ATPase (H ϩ -ATPase).
In Situ Hybridization. Roots and rhizomes were fixed on ice in freshly prepared solutions of 2% and 4% formaldehyde in 50% ethanol and 10% acetic acid, respectively, for 3 h. The samples were dehydrated through an ethanol series, and embedded with Paraplast plus (Oxford). Then, 10-to 20-m-thick sections prepared with a microtome (RM 2155, Leica) were hybridized with the digoxigenin-labeled antisense or sense RNA probe of Cjmdr1, which is a 178-bp fragment containing the 3Ј untranslated region. In situ hybridization and detection procedures were performed as described (23) .
Drug Sensitivity Assay. The drug sensitivity of yeast transformants was tested by spotting SD cultures (Ϫuracil) onto agar plates containing various compounds. Five microliters of the transformant diluted to same density, OD 600 ϭ 0.5, was spotted onto each plate and growth was monitored after incubation of the cells for 44 h at 25°C. The drugs, berberine and cycloheximide, used in this study were dissolved in water, whereas 4-nitroquinoline N-oxide (4-NQO) was dissolved in acetone.
Results

CjMDR1
Functions as a Berberine Influx Pump. We expressed CjMDR1 in Xenopus oocytes to characterize the function of this ABC protein. Oocytes injected with Cjmdr1 mRNA, or water as a negative control, were placed in ND96 medium containing berberine, washed thoroughly, and then observed under a fluorescence microscope. The Cjmdr1-injected oocytes showed higher fluorescence derived from berberine than the control oocytes, suggesting that CjMDR1 might function as a drug influx pump. This result was unexpected because MDR-type ABC proteins usually function as drug efflux pumps and no eukaryotic ABC transporter has yet been reported, to our knowledge, to be involved in drug influx.
Both microscopic observation (Fig. 1A) and OD 420 measurement of berberine accumulation in oocytes (Fig. 1B) showed that the Cjmdr1-injected oocytes had a higher content of berberine than did control oocytes. Confocal microscopic analysis indicated that berberine appeared to be mostly localized in the vegetative pole of the oocytes (Fig. 1 A) . Because CjMDR1 was suggested to have inward transport activity for berberine, the time course of berberine uptake was monitored quantitatively by HPLC analysis after the lysis of oocytes (Fig. 2) . Cjmdr1-injected oocytes showed a constant uptake of berberine from the medium in a time-dependent manner, whereas the berberine level in control oocytes remained nearly unchanged at a low level.
To examine whether this berberine uptake depended on CjMDR1, the effect of the ATPase inhibitor and the intracellular ATP level was analyzed (Fig. 3A) . The uptake of berberine observed in Cjmdr1-injected oocytes without inhibitor was strongly inhibited to the control level by a membrane ATPase inhibitor, vanadate, and similar results were observed on the addition of potassium cyanide, which causes ATP depletion. Effective ABC transporter-inhibitors, verapamil and nifedipine, which also function as Ca 2ϩ channel blockers, inhibited berberine uptake by CjMDR1. Glibenclamide, another type of inhibitor for sulfonylurea receptor and plant ABC transporters, also clearly inhibited berberine uptake (Fig. 3A) . The effects of bafilomycin A1 (0.1 M), a specific V-type ATPase inhibitor, and NH 4 ϩ (5 mM), which destroy ⌬pH across the membrane, were also tested, but they did not significantly inhibit berberine uptake, i.e., Ͻ12% inhibition for both.
To characterize CjMDR1 activity, the berberine content in oocytes that were loaded with berberine and then incubated in fresh medium without berberine was quantitatively analyzed (Fig. 3B) . Cjmdr1-injected oocytes retained a clearly higher berberine level than the negative control, and this berberineretaining activity dramatically decreased when cells were treated with the ABC transporter-inhibitors, verapamil and glibenclamide, indicating that berberine was actively retained by CjMDR1.
Kinetic analysis of berberine uptake by Cjmdr1-injected oocytes revealed that the K m value and V max were 54.62 Ϯ 5.46 M and 0.75 Ϯ 0.015 nmol͞10 min per mg of protein, respectively (see Fig. 7 , which is published as supporting information on the PNAS web site, www.pnas.org). The K m value of CjMDR1 for berberine was similar to, whereas its V max was Ϸ10-fold lower than, that of AtMRP1 for the glutathione conjugate of dinitrophenol (24).
CjMDR1 Is Localized at the Plasma Membrane. To understand the physiological function of CjMDR1 in planta, we determined its subcellular localization. For this purpose, we prepared polyclonal antibodies against a specific oligopeptide of CjMDR1 as described in Materials and Methods, and the reactivity of these antibodies to CjMDR1 was examined both in a heterologous expression system with yeast and in intact C. japonica membranes (Fig. 4A) . In plant membranes, anti-CjMDR1 antibodies detected a band at 140 kDa, whereas no detectable protein was observed in the soluble fraction. A band at 140 kDa was also detected in the membranes of yeast cells transformed with Cjmdr1 cDNA, but was absent in the negative control using the empty vector.
Using these antibodies, we determined the subcellular localization of CjMDR1 by two different methods. First, microsomal membranes were fractionated on sucrose density gradients and analyzed by immunoblotting (Fig. 4B ). CjMDR1 and the plasma membrane H ϩ -ATPase were cofractionated to give a peak at the interface between 30% and 40% sucrose, whereas membranes containing BiP, a marker of endoplasmic reticulum (25) , and V-PPase, a marker of tonoplast membrane, sedimented at positions different from CjMDR1 (Fig. 4B) . These results sug- 
Fig. 2. Time course of berberine influx into oocytes injected with Cjmdr1
mRNA. Cjmdr1-and water-injected oocytes were incubated in berberine medium (1 mM) and sampled at the times indicated for transfer into the lysis buffer. The lysate was lyophilized and dissolved in 50% methanol to be analyzed by HPLC with a photodiode array detector. The quantity of berberine was calculated from the peak area.
gested that CjMDR1 was associated with the plasma membrane and not with the tonoplast membrane or endoplasmic reticulum.
The localization of CjMDR1 in the plasma membrane was also supported by an analysis of plasma membranes separated from other intracellular membranes of C. japonica by using the aqueous two-phase partitioning method (22) . As shown in Fig.  4C , CjMDR1 was highly enriched in the upper-phase fraction (U) and greatly depleted in the lower-phase fraction (L), which is the same pattern as H ϩ -ATPase. Membrane purity was confirmed by immunodetection of the marker proteins, although a relatively large portion of endoplasmic reticulum marker was also detected in the upper-phase fraction.
In Situ Localization of Cjmdr1 Transcripts. Northern analysis showed that Cjmdr1 mRNA is highly expressed in the rhizome, where berberine is preferentially accumulated (8) . To define the specific cell type in which Cjmdr1 mRNA is accumulated, in situ hybridization experiments were performed by using a digoxigenin-labeled antisense RNA probe prepared from the Cjmdr1 cDNA. The rhizome and the root, which correspond to the sink organ for berberine accumulation and the source organ for berberine biosynthesis, respectively, were sectioned and analyzed (Fig. 5) . In the rhizome section, strong signals were observed around the vascular tissue, particularly in the xylem cells (Fig. 5 A-C) , with the antisense probe, whereas no detectable signal was seen with the sense probe as a negative control (data not shown). A weak signal could also be detected in the cortex (Fig. 5C ). However, almost no signals were detected in root sections with either the antisense or sense probe, although a faint signal was sometimes observed in the vascular tissue (Fig.  5 D and E) . These results suggest that an ABC transporter, CjMDR1, might participate in the unloading of berberine in xylem tissues of the rhizome. Other Possible Substrates of CjMDR1. We examined whether CjMDR1 is exclusively specific to berberine by incubating oocytes with other natural compounds, e.g., reticuline, sanguinarine, quinine, and quercetin. However, we did not observe any difference in the uptake of these compounds between Cjmdr1-injected oocytes and the control except for reticuline, a precursor of berberine, whose uptake was slightly higher in Cjmdr1-oocyte only at concentrations as high as 1 mM (data not shown). Moreover, we also investigated the substrate specificity by estimating drug sensitivity in yeast transformants (Fig. 6) . CjMDR1 was expressed with a shuttle vector, pDR196, with which a foreign gene is constitutively expressed by PMA1 promoter (18) , in yeast Saccharomyces cerevisiae, strain AD12345678 (19) . The strain AD12345678 lacks major yeast ABC transporter-encoding genes that confer multidrug resistance. The same yeast strain transformed with the empty vector was used as a negative control. As shown in Fig. 6 , the CjMDR1 transformant appeared to be more sensitive to berberine, although the difference was rather small. A larger difference in drug sensitivity between CjMDR1 transformant and the control was found with 4-NQO, a substrate of yeast pleiotropic drug resistance (PDR)-type ABC transporter, SNQ2 (26) . These data suggest that 4-NQO was recognized as a substrate of CjMDR1 and taken up into cells, and the sensitivity of yeast was increased. However, cycloheximide, a substrate of the yeast PDR-type ABC transporter, PDR5 (27) , showed no clear difference between yeast cells, indicating that CjMDR1 had relatively strong substrate specificity.
Discussion
We isolated Cjmdr1 as a gene encoding a potential berberine transporter from high berberine-producing cells of C. japonica (8) , and found that this molecular species is expressed preferentially in the rhizome of the intact plant (8) where the main alkaloid berberine is specifically accumulated, whereas the biosynthetic enzymes we studied are expressed in root tissues (ref.
2; M. Tanaka, N. Izekawa, and F.S., unpublished data. The main root and lateral root should be referred to as the rhizome and root, respectively). In this study, we have provided direct evidence that this MDR-type ABC transporter, CjMDR1, takes up berberine in a heterologous system with Xenopus oocytes (Fig.  2) . We also showed that CjMDR1 was expressed in xylem tissue in the rhizome (Fig. 5) and localized in the plasma membrane of C. japonica cells (Fig. 4) . All of these findings are consistent with the hypothesis that this ABC protein is involved in the unloading of berberine in the rhizome; i.e., berberine is biosynthesized in root tissues and translocated upward probably through xylem transport, whereas in the rhizome, the berberine molecule is trapped by plasma membrane-localized CjMDR1 and accumulated in the rhizome tissue.
It is not yet clear why C. japonica has specific tissues for berberine biosynthesis and accumulation, but feedback inhibition of biosynthetic enzyme by berberine might be one possible Drug sensitivity of yeast CjMDR1 transformant. Yeast strain AD12345678 was transformed with pDR196 (empty vector) or pDR-CjMDR1. Each transformant was precultured overnight in SD medium (Ϫuracil). The cultures were diluted to OD 600 ϭ 0.5. Five microliters was spotted onto an SD medium (Ϫuracil) plate containing berberine (3.5 M), 4-NQO (0.11 g͞ml), or cycloheximide (Cyc; 0.0175 g͞ml), and incubated for 44 h at 25°C.
explanation (28) . The accumulation of berberine in the rhizome would also be beneficial for the plant, because the rhizome is a sink organ for starch and berberine may protect this tissue from attack by soil pathogens. Elicitor-induced induction of berberine biosynthesis also supports the physiological function of berberine and related alkaloids as phytoalexins (29) . The compartmentation of biosynthetic cells͞tissues and sink cells͞tissues is generally observed for plant secondary metabolites, such as tropane alkaloids, nicotine alkaloids, and so on (30) . The Coptis transport system may be a model for understanding such a transport mechanism.
Our investigation also showed that CjMDR1 functioned as an influx pump for berberine. Thus far, all of the mammalian ABC transporters characterized that are localized in the plasma membrane show excretion activity for substrates; e.g., Pglycoprotein and members of the multidrug-resistance-related protein (MRP) subfamily in animal cells efflux anticancer drugs from cytosol. Tonoplast-localized plant ABC transporters such as members of the MRP family export glutathione conjugates of xenobiotics and chlorophyll catabolite from cytosol into the vacuolar matrix. While such transport of CjMDR1 from outside the cells toward the cytosol has often been reported for prokaryotic organisms, we know of no other example for eukaryotic ABC protein. Because this transport activity was clearly observed in both Xenopus oocyte and yeast, we assume that CjMDR1 was sorted and folded actively in the correct orientation.
With regard to substrate specificity, CjMDR1 does not seem to be exclusively specific for the isoquinoline alkaloid berberine, an endogenous substrate in C. japonica, but may also recognize reticuline and 4-NQO, a berberine precursor and a quinoline derivative, respectively (Fig. 6) . Sanguinarine, quinine, quercetin, and cycloheximide, which have different chemical structures, do not seem to be recognized by CjMDR1, which suggests that CjMDR1 does not show as broad a substrate specificity as other MDR-type ABC transporters, e.g., P-glycoprotein.
Plant ABC transporters comprise one of the most active research fields in recent years. The Arabidopsis genome project showed that this plant requires a large number of ABC protein superfamily members. Recently, there have been many excellent studies to elucidate the function of multidrug-resistance-related protein subfamily members (24, (31) (32) (33) , PDR subfamily protein (34) , and the unique peroxisome-localized ABC protein (35, 36) . However, little is known about the endogenous substrates of these ABC proteins, and the MDR subfamily, such as PMDR1 of potato (37), HvMDR2 of barley (38) , and TaMDR1 of wheat (39) , is still open for investigation, except for AtPGP1 (40) , one of the 22 members in Arabidopsis. The Arabidopsis ABC protein that is most similar to CjMDR1 is AtPGP4, the function of which is still unknown. Our present findings may provide some new clues to clarify their functions and physiological roles.
